Global  Change  and  the 
Dark  of  the  Moon 


S.  Flatte 
S.  Koonin 
G.  MacDonald 

ADA  ZLSS  \2\ 


June  1992 

JSR-9 1-315  unC  QUALITY  INSPECTED  3 


Distribution  unlimited;  open  for  public  release. 


Tills  report  was  prepared  as  an  account  of  work  sponsored  by  an  agency  of  the 
United  States  Government  Neither  the  United  States  Government  nor  any  agency 
thereof,  nor  any  of  their  employees,  makes  any  warranty,  express  or  Implied,  or 
assumes  any  legal  liability  or  responsibility  for  the  accuracy,  completeness,  or 
usefulness  of  any  information,  apparatus,  product,  or  process  disclosed,  or  represents 
that  its  use  would  not  Infringe  privately  owned  rights.  Reference  herein  to  any 
specific  commercial  product,  process,  or  service  by  trade  name,  trademark, 
manufacturer,  or  otherwise,  does  not  necessarily  constitute  or  Imply  Its  endorsement, 
recommendation,  or  favoring  by  the  United  States  Government  or  any  agency 
thereof.  The  views  and  opinions  of  authors  expressed  herein  do  not  necessarily 
stale  or  reflect  those  of  the  United  States  Government  or  any  agency  thereof. 

JASON 

The  MITRE  Corporation 
7525  Colshtre  Drive 
McLean,  Virginia  22102-3481 
(703)  883-6997 


Ao««*stoa  For 

~NTrS  OJtifcl 
me  ft»5 

Ikvu'.aounCuA 
Jit:,*. Ii' U»«l  Ion 

ly - - - 

Distribution/ 

Av* I  lab! lity  Cortna 
“1AM. ll  on<l/or 
Dint  Spoclnl 

I9A  I 


P2P0RT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No  0 704-0 IBB 


rtOOftiftq  OunJ#«  'or  thu  co«l«<tiOA  of  nfO<m*tioo  \  nom«t«d  to  «v«'»g«  '  *Our  o*<  tsoOn\*  nciuding  th*  ti «#  for  r*vi*wirsg  nitrumoov  Msrcmrtq  •wifta  d«U  towrcw 
gjiMooq  in d  FnainUiniF*g  tn«  o«u  ino  ca.^oMning  *rxi  j  tn#  collection  of  "focm*tio*  Send  comment!  'eoerding  :hn  0u'0«n  or  «ny  offr  noect  of  ttm 

cofkec^on  of  'nformauon.  including  wgodition*  for  'educing  th.t  ourden.  to  *fi*ningtomneiddw«rteri  Service!.  Ot'eoofite  for  information  Ooereoom  and  Aeeorts.  *215  Jefferson 
0*»n  Highway.  Suit*  U04.  Arlington.  wA  22202-4302.  *nd  to  the  Office  Of  Management  *n< j  Budget.  P*oer>*or*  ^eduction  Protect  (07044J 1M).  ffetAington  OC  2Q50J 


1.  AGENCY  USI  ONLY  (L**v*  &snk) 


TITLE  AND  SUBTITLE 


2.  REPORT  OATE 

June  30,  1992 


Global  Change  and  the  Dark  of  the  Moon 


6.  AUTHOR(S) 

S.  Flatte',  S.  Koonin,  G.  MacDonald 


3.  REPORT  TYPE  ANO  OATES  COVERED 

Final 


S.  FUNDING  NUMBERS 


PR  -  8503Z 


7  PERFORMING  ORGANIZATION  NAME(S)  ANO  AOORESS(ES) 

The  MITRE  Corporation 
JASON  Program  Office  A10 
7525  Colshire  Drive 
McLean,  VA  22102 


9.  SPONSORING  MONITORING  AGENCY  NAME(S)  ANO  AODRESS(ES) 

Department  of  Energy 
Office  of  Program  Analysis 
Office  of  Energy  Research 
Washington.  DC  20585 


11.  SUPPLEMENTARY  notes 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


JSR-91  -31 5 


10.  SPONSORING  /MONITORING 
AGENCY  REPORT  NUMBER 


JSR-91  -31 5 


12a.  distribution  availability  statement 


12b  DISTRIBUTION  CODE 


Distribution  unlimited;  open  for  public  release. 


13  ABSTRACT  (MiMimum  200  wor&s) 

We  have  considered  the  possibility  of  using  earthshme  to  measure  the  reflectance 
properties  of  the  earth  (albedo  and  phase  function).  Measurements  of  earthshme  carried 
out  by  Danjon  in  1926--33  show  that  even  then  the  average  albedo  could  be  determined 
with  a  precision  of  ±  0.0 1  and  that  both  synoptic  and  seasonal  variations  could  be 
observed  clearly. 

We  show  that,  after  correction  for  wavelength  dependence  and  the  opposition  effect 
in  the  lunar  reflectance  properties,  Damon's  visual  albedo  of  0  40  can  be  reconciled  with 
the  ERBE  satellite  Bond  albedo  of  0.30.  We  recommend  a  modern  earthshme  monitoring 
program  (advantages  include  global  integration,  continuous  coverage,  ground  basing,  and 
low  cost)  as  a  complement  to  present  and  planned  satellite  measurements. 


14  SUBJECT  TERMS 


earth  albedo,  earthshine,  elementary  photometry, 
danjon's  measurements 


IS.  NUMBER  OP  PAGES 


IB.  PRICE  COOC 


17  SECURITY  CLASSIFICATION  118.  SECURITY  CLASSIFICATION  I  19.  SECURITY  CLASSIFICATION  I  20.  LIMITATION  OF  ABSTRACT 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT  I 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


Standard  Form  298  (R*v  2  89) 

CM  Bv  nV  I 


Contents 


1  EXECUTIVE  SUMMARY  1 

2  INTRODUCTION  3 

3  THE  EARTH’S  ALBEDO  AND  ITS  CLIMATE  5 

4  EARTHSHINE  15 

5  ELEMENTARY  PHOTOMETRY  21 

6  DANJON’S  MEASUREMENTS  25 


7  THE  POTENTIAL  FOR  MODERN  MEASUREMENTS  35 


1  EXECUTIVE  SUMMARY 


We  have  considered  the  possibility  of  using  eartlishine  to  measure  the 
reflectance  properties  of  the  earth  (albedo  and  phase  function).  Measure¬ 
ments  of  eartlishine  carried  out  by  Danjon  in  1926-33  show  that  even  then 
the  average  albedo  could  lx*  determined  with  a  precision  of  ±  0.01  and  that 
both  synoptic  and  seasonal  variations  could  be  observed  clearlv. 

We  show  that,  alter  correction  for  wavelength  dependence  and  the  op¬ 
position  effect  in  the  lunar  reflectance  properties,  Danjon  s  visual  albedo  of 
0.10  can  be  reconciled  with  the  ERBE  satellite  Bond  albedo  of  0.30.  We 
recommend  a  modern  eartlishine  monitoring  program  (advantages  include 
global  integration,  continuous  coverage,  ground  basing,  and  low  cost)  as  a 
complement  to  present,  and  planned  satellite  measurements. 
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2  INTRODUCTION 


In  this  report  we  consider  n  “new"  monitor  of  global  change:  observa¬ 
tions  of  earthshine  as  a  measure  of  the  earth's  albedo  and  phase  function. 
I  his  is  actually  the  oldest  method  of  determining  the  earth's  albedo  [1], 
and  was  studied  extensively  from  1920  T'l  by  Danjon  [2.  Very  little  lias 
been  done  since  [l],  we  suspect  in  part  because  of  lack  of  intense  interest  in 
the  subject  and  because  of  the  advent  of  satellite  measurements.  However, 
earthshine  has  several  clear  advantages  in  a  modern  context,  as  we  hope  to 
demonst  rate. 

We  begin  our  presentation  with  a  brief  discussion  of  the  importance  of 
the  earth  s  albedo  to  climate.  We  then  turn  to  a  qualitative  discussion  of 
earthshine  and  review  the  relevant  notions  of  photometry.  This  is  followed 
by  a  review  of  Danjon's  measurements,  both  to  illustrate  the  method  and 
to  show  what  could  be  doin'  even  with  1920s  technology.  We  note  several 
corrections  to  Danjon  s  observations  and  show  how  they  can  be  reconciled 
wit  h  satellite  measurements.  Finally,  we  discuss  some  possibilit  ies  for  modern 
('art hshine  measurements. 


3  THE  EARTH’S  ALBEDO  AND  ITS  CLI¬ 
MATE 


The  earth's  climate  system  is  basically  a  large  heat  engine.  Energy 
comes  into  the  system  in  the  form  of  short -wavelength  radiation  from  the 
sun.  peaking  at  a  wavelength  of  0.5/nn  (a  black-body  temperature  of  about 
6000  K)  (see  Figure  1 ).  Almost  99  percent  of  the  sun’s  radiation  is  contained 
in  the  so-called  short  wavelength  region  of  0.15  to  *1.0  // m.  Of  this  energy  16 
percent  is  in  the  infrared  region  above  0.7*1  /an,  9  percent  in  the  ultraviolet 
below  0.1  //m  and  the  remaining  45  percent  in  the  visible.  0.1  to  0.7-1  // m.  A 
significant  fraction  of  this  energy  is  absorbed  by  the  earth,  where  it  drives  the 
motion  of  the  atmosphere  and  oceans  before  being  radiated  back  into  space 
as  long- wavelength  radiation  peaking  at  a  wavelength  of  15  // m  (a  black-body 
temperature  of  f).  =  255  K). 

The  power  going  in  to  the  earth's  climate  system  is 

l\n  =  Cxlffo  1  -  A)  ,  (3-1) 

when1  ('  =  1470  \V/m*  is  the  solar  constant.  /?/.;  =  6578  km  is  the  earth's 
radius,  and  .1  =  0.40  is  the  earth's  shortwave  (Bond)  albedo,  giving  the  frac¬ 
tion  of  the  incident  short  wave  solar  radiation  (between  0.15  and  1.0  //  m)  that 
is  reflected  from  the  earth  without  being  absorbed.  For  this  latter  quantity, 
we  have  adopted  the  value  determined  by  ERBE  satellite  measurements  [6]. 
Similarly,  the  longwave  power  that  the  planet  radiates  into  space  is 

l*„„  =  1  .  (4-2) 

where  rr  is  the  St efan- Bolt zinann  constant  and  <  is  the  emissivity  at  the  top 
of  the  atmosphere  (about  5.5  km.  when’  the  long  wave  radiation  is  emitted). 


If  the  planet  is  in  radiative  equilibrium,  these  two  powers  are  equal. 
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Figure  1.  (A)  Spectral  distribution  of  longwave  emission  from  black  bodies  at  6000  K  and  255  K, 

corresponding  to  the  mean  emitting  temperatures  of  the  sun  and  earth,  respectively,  and 
(B)  percentage  of  atmospheric  absorption  for  radiation  passing  from  the  top  of  the  atmosphere 
to  the  surface.  Notice  the  comparatively  weak  absorption  of  the  solar  spectrum  and  the 
region  of  weak  absorption  from  8  to  12  pm  in  the  longwave  spectrum  (from  Reference  [5]). 


giving 

1 1  =  7— ( 1  --4).  (3-3) 

\n  t 

rims,  the  global  short  wave  albedo  directly  controls  the  earths  temperature. 

Most  (about  70  percent)  of  the  solar  energy  entering  the  climate  system 
is  absorbed  by  the  surface  or  within  the  atmosphere,  with  the  balance  being 
reflect (’(1.  The  energy  budgets  of  the  three  principal  kinds  of  surfaces  that 
co\er  the  earth  differ  dramatically.  The  heat  capacity  of  the  oceans  is  very 
large’  and  the  solar  radiant  energy  can  penetrate  efficiently.  The  oceans  thus 
respond  slowly  to  changes  in  solar  flux  and  act  as  t  he  regulators  of  t  he  climate 
system.  Snow  and  ice  reflect,  a  large  fraction  of  the  incoming  radiation  (albedo 
up  to  0.8).  I  he  albedo  does  not  change  until  near  the  melting  point .  when  t  he 
optical  character  of  the  surface  begins  to  alter.  Because  of  the  phase  change, 
snow  and  ice  have*  a  large  effective  heat  capacity  and  influence  primarily 
the  slow  physics  of  the  atmosphere,  band  surfaces  respond  most  rapidly  to 
changes  in  solar  radiation.  Their  effective  heat  capacity  is  low  because  visible 
light  does  not  penetrate  and  thermal  conduction  is  very  slow.  The  albedo  of 
t  he  land  surface  depends  on  t  he  angle  of  t  he  incident  radiation  and,  when  t  he 
land  is  covered  with  vegetation,  on  the  spectrum  of  the  incident  radiation. 

I  he  global  albedo  depends  upon  the  reflectance  properties  of  each  sur¬ 
face  element  of  the  earth.  Any  good  quality  radiation  detector  (e.g.,  pyra- 
nometer)  can  be  used  to  measure  albedo.  Two  instruments,  one  looking 
upward  and  the  other  downward,  will  provide  an  instantaneous  measure  of 
downwelling  and  upwelling  radiation.  1  he  instruments  may  be  at  ground 
level  or  on  an  airc  raft  or  satellite,  depending  on  the  area  to  be  viewed. 

I  he  value  obt ained  by  an  iust  rument  will  depend  on  the  zeuit h  angle  of 
the  sun.  the  t  ran  sm  it  t  a  tire  of  t  he  at  mospliere.  the  nature  of  the  surface,  and 
the  nature  of  the  cloud  (over,  if  any.  including  the  thickness  of  the  cloud, 
the  water  content  of  the  c  loud,  and  the  droplet  size  distribution  within  the 
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cloud.  The  angle  of  the  reflecting  surface  to  the  horizontal,  particularly  if  it 
is  facing  towards  or  away  from  the  sun.  is  important.  The  surface  albedo  is 
high  for  dry,  light -colored,  smooth  surfaces  and  is  low  for  wet.  dark-colored, 
rough  surfaces.  In  the  case  of  vegetation  the  surface  albedo  will  depend  on 
the  height  of  plants,  percentage  of  ground  cover,  angle  of  leaves  and  the 
leaf  area  index.  Figure  2  shows  that,  on  average,  the  air  and  land  each 
contribute  about  25  percent  of  the  reflectivity,  with  clouds  making  up  the 
other  50  percent. 

Typical  albedos  for  clear  land  and  ocean  are  0.16  and  0.08.  respectively, 
while  the  corresponding  overcast  values  are  0.50  and  0.11;  the  albedo  for  clear 
desert  is  0.20.  while  that  for  snow  is  0.68.  Local  albedos  show  considerable 
synoptic  and  diurnal  variability  (see  Figure  3).  The  global  albedo  also  shows 
a  seasonal  variability,  in  part  because  of  the  greater  land  area  in  the  Northern 
Hemisphere  (see  Figure  1). 

Although  it  is  the  (effective)  top-of- the- atmosphere  temperature  that 
appears  in  Equation  (3-3).  the  surface'  temperature  should  also  vary  with 
albedo.  This  is  borne  out  by  the  data  presented  in  Figure  5,  where  the 
monthly  mean  global  surface  temperatures  are  plotted  against  the  monthly 
mean  global  albedo  for  100  years  of  an  atmospheric  general  circulation  model 
(GGM)  run  with  the  sea  surface  temperatures  having  a  fixed  seasonal  cycle 
[7].  Perhaps  coincidentally,  the  linearization  of  Equation  (3-3)  (A.1/A7/.,  = 
—  0.01  K-1 )  is  a  reasonable  description  of  the  data.  A  similar  conclusion  can 
be  drawn  from  the  observations  shown  in  Figure  6.  where  the  monthly  mean 
global  temperatures  for  1085  are  plotted  against  the  monthly  mean  global 
albedos  determined  by  EH  HE  [6], 

Greenhouse  warming  scenarios  give  ambiguous  predictions  of  the  likely 
change  in  the  albedo.  On  the  one  hand,  the  increasing  water  vapor  in  the 
atmosphere  could  increase  the  cloudiness  and  hence  the  albedo.  However. 


s 


Figure  2.  Schematic  representation  of  the  atmospheric  heat  balance.  The  units  are  percent  of 
incoming  solar  radiation.  The  solar  fluxes  are  shown  on  the  left-hand  side,  and  the 
longwave  (thermal  IR)  fluxes  are  on  the  right-hand  side  (from  Reference  [5]). 
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Day  of  the  Month 

Figure  3.  Time  history  of  April  1985  albedo  for  a  region  in  the  western  Pacific  Ocean  (long.  =  148.75°  W, 
lat.  =  21.25°S)  (from  Reference  [6]). 


Figure  4. 


Annual  variation  of  ERBE  monthly  mean  albedo  for  hemispheres  and  the  globe 
(from  Reference  [6]). 
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Figure  5.  Correlation  of  the  monthly  mean  globally  averaged  surface  temperature  with  the  monthly 
mean  global  albedo  in  a  100-year  run  of  the  NCAR  CCM-1  with  climatological  sea-surface 
temperatures  (from  Reference  [7]). 
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Figure  6. 


Correlation  of  the  monthly  mean  global  surface  temperature  with  the  ERBE  monthly  mean 
albedo  for  1985.  The  least-squares  fit  line  shown  has  a  slope  of  -0.016/K. 
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the  decreasing  snow  and  ice  coverage  will  act  to  decrease  the  albedo.  The 
net  effect  need  not  be  negative  (as  might  be  expected  from  Equation  (3-d)  as 
the  temperature  increases),  as  the  emissivity  of  the  atmosphere  will  change 
with  increasing  greenhouse  gas  content. 

The  most  precise  measurements  of  the  earth's  albedo  come  from  satellite 
measurements  such  as  those  of  FRBK  [(>.  8].  Here  an  instrument  measures 
the  amount  of  outgoing  shortwave  radiation  for  one  spot  on  the  earth  at  one 
particular  solar  zenith  angle  from  a  given  viewing  elevation  and  azimuth. 
Complex  “scene  models  arc  then  used  to  convert  this  measurement  into  a 
total  flux  of  outgoing  shortwave  radiation  (i.e.,  that  going  into  all  viewing 
directions)  and  hence  an  albedo;  further  modeling  is  used  to  average  over  the 
diurnal  cycle  (zenith  angle  dependence).  Finally,  all  pixel  values  are  averaged 
to  obtain  a  global  value.  The  process  is  quite  complex,  with  many  modeling 
assumptions  involved.  Other  drawbacks  of  such  measurements  include  the 
expense  and  risk  of  satellites  and  t  he  difficulty  of  maintaining  a  very  accurate 
calibration  (better  than  1  percent)  in  a  space-based  instrument.  Although 
great  effort  has  b<*en  expended  to  ensure  tlx*  accuracy  of  satellite-determined 
albedos,  an  independent  check  would  be,  at  the  least,  reassuring. 


4  EARTHSHINE 


Fart  hsliine  is  sunlight  that  is  reflected  In  t  lit'  earth  to  the  moon  (sot1 
figure  i  ).  It  l  hereiore  contributes  to  the  illumination  of  the  moon  beyond 
that  of  the  much  more  intense  direct  sunshine  and  is  most  easily  visible  as 
a  ghostly  glow  oi  the  dark  portion  o!  tin*  lunar  disk.  1  lie  phenomenon  was 
known  to  the  ancients  and  understood  by  Kepler  in  Kiltl. 

The  g<  •oinetry  of  the  sun-earth moon  system  is  most  simply  character- 
ized  by  t  he  sun-moon-eart  h  angle  i.\  t  he  phase  angl<‘  of  t  he  moon  (see  Figure 
S).  Because  the  earth- moon  distance  is  much  smaller  than  the  earth-sun 
distance  (ratio  2.b  x  I0_J).  the  sun-earth-moon  angle,  or  phase  angle  of 
the  earth,  is  o  ~  ~  —  i.\  It  is  dear  that  earthshine  will  be  most  easily  visible 
when  is  largest  (crescent  moon  as  seen  on  earth  and  full  earth  as  seen  on 
the  moon),  although  groundbased  measurements  for  the  very  largest  (.•  are 
precluded  by  daylight.  Conversely,  earthshine  is  most  difficult  to  observe 
wlu'ii  the  moon  is  nearly  lull  and  t  lie  earth  is  a  crescent  ( i.'  ~  0 ). 

I'lie  use  ol  a  cotonagraph  enables  observation  ol  t  lie  earl  hsliine  as  close 
as  d>  hours  belore  lull  moon  [!)].  even  though  a t  this  time  the  earthshine 
comes  from  a  very  narrow  crescent  of  t  lie  ear!  Ii  and  scat  tering  and  diffract  ion 
effects  are  relatively  strong.  I  lie  ratio  of  earthshine  to  sunshine  v  isible  from 
the  earth  thus  varies  throughout  the  lunar  cycle;  it  is  less  than  about  It)-' 
under  the  most  favorable  conditions. 

lo  first  order,  earthshine  observations  measure  scattered  light  in  the 
plane  of  the  ecliptic.  1  he  assumption  of  incident  azimuth  independence 
ma  hex  the  observations  ueueral.  I  he  relations  between  the  loiut.it  tides  o  (the 
si  i  n .  t  lie  moon,  and  t  lie  ol  iservat  ion  station  are  described  m  Figures  !)  and  It). 


Figure  7  Photographs  of  the  earthshine  at  various  lunar  phases  (from  Reference  [2]). 


l.art  Imlnne  clearly  depends  upon  the  visible  it 'I  let!  am  e  proper!  ies  of  the 
earth  and  thus  ran  he  list'd  to  determine  the  earth's  albedo.  Such  measure¬ 
ments  were  pursued  by  Very  in  Idl'd  [1]  and  more  extensively  by  Danjon  [2]. 
In  a  modern  context  they  oiler  a  number  ol  attractive  advantages,  including 
an  instantaneous  coverage  ol  a  large  region  ol  the  globe  the  potential  for 
nearly  emit  imams  long  t  inte  series  ol  observat  ions,  and  t  he  fact  t  hat  t  hev  are 
ground  based  (and  are  hence  relatively  inexpensive  and  easily  maintained, 
calibrated,  and  upgraded  |. 


Moon  Longitude 


Sun  Longitude 

(Geographical  Center  of  Illuminated  Hemisphere) 


Figure  9.  Geometrical  relationships  involved  in  earthshine  measurements  The  tilt  of  the  earth  s 
axis  has  been  ignored  The  earth's  albedo  is  a  function  of  the  Sun  longitude  (which 
part  of  tne  earth  is  being  illuminated)  and  time  The  albedo  is  proportional  to  the 
integral  of  the  scattered  light  over  all  directions,  earthshine  observations  give 
measurements  of  the  angular  distribution  in  the  plane  of  the  ecliptic.  The  angle  of 
scattering  is  indicated  along  the  diagonal  Measurements  are  difficult  or  impossible 
too  near  either  a  full  moon  or  a  new  moon,  indicated  by  hatched  areas 
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5  ELEMENTARY  PHOTOMETRY 


ln  o it it'f  to  dost  nix-  tiic  use  ol  rail  iishinr  to  (lrtrmimr  thr  earth  s 
all>r<lo.  it  is  necessarv  to  review  some  element ary  notions  ot  photometry. 
Consider,  as  shown  in  Figure  i  1.  a  plane  surface  of  area  >’  illuminated  uni¬ 
formly  by  light  making  an  angle  0,  wit  li  t  he  normal  and  observed  at  a  similarly 
defined  angle  0r  and  a/imnth  In  general,  the  cross  section  lor  the  plane 
to  elTect  this  scattering  will  depend  upon  all  three  angles,  plus  the  azimuth 
ol  the  incoming  light.  Dependence  on  the  latter  is  usually  ignored. 

However,  for  a  perfectly  dilfuse  scatter  (Lambert  surface),  the  cross 
section  is  given  by  t  he  a/imut  h-indeprndcnt  expression 

<lrr  ,  I  , 

- —  >/'-  r'os/Lcosd,-  •  (•)—  1) 

./<>,.  T 

where  { >,.  is  the  solid  angle  of  -cat  t  ering  and  r  is  the  rellect  am  r  of  the  surface 
material.  As  ex  peel  n  I .  t  lie  t  ot  a  I  cross  sect  ion  lor  scat  t  ering  is  |  <!{},.  ( dn  j  <\{\,  )  = 
s'rc osd,.  the  prodm  t  of  the  reflectance  and  the  projection  of  the  illuminated 
area  on  the  direction  ol  illumination.  We  also  note  that  when  0r  =  II,. 
Jfl'/i/!!,  (  >’ r/~  leos'd, . 

Now  consider  the  more  complex  situation  ol  the  earth  illuminated  by 
the  sun.  f  or  a  given  phase  angle  n.  the  cross  section  lor  light  scattering  can 
be  writ  ten  as 

<l<7  I 

To  =  ~  I'  i  '  ~  l>. I l.(o)  .  (n-d) 

<l\l  rr 

Here,  the  earth's  [diase  luuction  //.  is  defined  so  that  //  (())  —  !.  im 
plvmg  that  i  he  cioss  section  lor  ilie  earth  to  backscatter  the  sunlight  (and 
hence  the  intensity  o|  i  he  lull  earth)  is  given  by  />li I  he  (plant  1 1  \  />  is 
railed  the  geometric  albedo  and  depends  upon  the  rellectance  properties  <>| 


Figure  1 


A  plane  reflector  of  area  S  illuminated  at  an  angle  Oj  and  obse 
at  angle  0r  with  azimuth  xr. 


t ho  earth's  surface  and  1 1  u»  geometry  ol  a  sphere.  From  its  definition,  it  can 
l>e  seen  that  p  is  the  ratio  of  the'  light  baekscattere’d  by  the  sphere  to  that 
backseat tered  by  a  noimally  illuminated  perfectly  refleeting  (r  =  I)  Lam 
bert  disk  of  the  same  area  (~/f f/.;2).  lor  a  Lambert  sphere,  p  —  '2r/'.)  and 
j(o)  =  (sin  o  +  (~  —  o)eos  o)/k.  It  should  be  noted  that  since  the  earth 
has  a  variegated  surface,  both  p  and  / /.  will  depend  upon  the  particular 
hemisphere  illuminated. 


1  he  Honcl  albedo  is.  by  definition,  the'  ratio  of  the  total  cross  section  to 
the  area  of  the  planet  s  disk  (  tt /(*/.• 2 ).  I  bus. 


1  =  p<i  ; 


L 


//.;( o)sinoc/o  . 


where  c/  is  termecl  the  phase'  integral.  A  basic  difficulty  in  albedo  measure¬ 
ments  is  thus  apparent:  any  one  observation  of  the  reflected  light  (whether 
a  given  view  from  a  satellite  or  the  earthshine  at  a  given  phase*  of  the  moon) 
determines  the'  cross  section  at  only  one  scattering  angle,  so  that  some'  ex¬ 
trapolation  to  all  sc  attering  angle's  must  be  performed  to  obtain  the  entire' 
phase  function  and  hence'  the  phase  integral.  In  satedlite  measurements,  this 
is  done’  by  scene  models:  for  t  he*  cart  hsliine'.  it  is  done-  partially  by  measuring 
Ji  at  various  phase  s.  More*  generally,  lor  cart  hsliine  it  is  necessary  to  make- 
assumptions  about  tor  models  lor)  the  sunlight  scat  tered  out  ol  t  lie'oe  lipt  ie. 


Many  decades  of  photomc’try  have  determined  the’  phase  function,  ge¬ 
ometric  albedo,  phase  inte'gral.  and  visual  albedo  for  various  solar  system) 
objects,  lor  example',  the  phase-  function  of  the  moon  as  determined  by 
Hougier  [Id]  is  shown  in  Figure'  id.  taken  from  [If], 

Select  eel  c  a  I  ues  e  if  the  phase  int  egra  I  a  tie  I  a  I  bee  I  o  ate':  Mereurv  f  dot  i-L  0.0”) ). 
\enus  (  1 .200.0.0  1 ).  oat  t  h  (  1  .Odb.0. 10).  aiief  t  he  moon  (doS  f.O.OTd),  as  given 
by  Danjou  [d]. 


dd 


(»  DAN.l ON’S  MEASUREMENTS 


l)anjon  s  measurement  s  ol  eart  hsliine  [2.  2]  involved  comparing  the  in 
tensities  id  two  well  deliued  patches  ol  (In*  lunar  surlace  (denoted  bv  \  and 
H).  with  one  in  the  sunshine  and  the  other  in  the  cart  hsliine.  1  he  patches 
were  c  hosen  to  lie  I •  r i o h t  (highland)  with  similar  optical  properties  and  al 
1 1  to''  I  dial  i  let  ric  a  II  y  op  posit  e  near  tin-  lunar  hmh  (see  Figure  ].'{).  A  phot  on  in¬ 
ter  produced  adjacent  images  ol  *  he  moon .  so  that  patch  \  m  t  he  eart  hsh  ne 
was  adjacent  to  patch  H  in  the  sunshine  (see  h  igure  I  l).  An  adjustable 
diaphragm  ("cat  s  eye  )  reduced  the  intensity  c.i  tin-  light  from  H  to  allow 
the  ratio  ol  the  i  nt  ensit  ies.  I )  \  i<  I  \/ 1 t  c>  .  ■  measured  lor  various  phase 
■  ingles,  hor  opposite  phase,  t1  •  >olc  s  o,  the  patches  were  reversed. 

Such  1 1  illereiit  ia  i  measurements  removed  many  ol  the  uncertainties  as 
sociated  with  c '  un  • 'plieric  ahsorpl  ion.  varying  solar  constant,  etc. 


Since  the  ea  hsliine  is  backseat  tered  from  patch  \  while  the  sunshine 
'fat  t  ers  I  loin  />  with  phase  angle  i. the  observed  ratio  ol  1  he  i  lit  en  si  I  ies  is 

//  >  ../ lt<>)  h  I  .  , 


I >  !  I'n.l /<('■')  I s  .1  \i{'  ') 


(b  1) 


where  //  and  />  ale  the  intensities  o|  I  he  earth  and  sun  as  observed  on  the 
moon.  i> j  \  ft)  air  the  geometric  albedos,  and  l[\jt)  are  the  phase  lunctioiis. 
I  lie  second  ci  pin  I  it  y  follows  I  rom  assuming  I  hat  i>  \  pn  a  n<  I  I  ha  t  I  \  In 
I \i .  a  common  plia-e  lunction  lor  both  lunar  patches.  Note-  that  il  these 
a  '  'lllllpt  lolls  Were  not  valid,  there  Would  be  svstematic  dlllerences  between 
ob'ii  \  a  i  unis  dm  1 1 1 1’  the  positive  ,md  negative  phases  ol  l  he  moon. 


Figure  13  Map  of  near  side  of  moon,  showing  the  two  regions  used  by  Danjon. 


L'fi 


However,  this  ratio  is  also  given  in  terms  ol  the  earth's  reflectance  prop- 


(6-5) 


ert  les  as 

h  I  (Iny  1  1 

where  /?/  \/  is  the  earth-moon  distance,  and  p /.  and  //.  are  the  earth’s  geo¬ 
metric  albedo  and  phase  function.  I'pon  equating  (6-2)  and  (6-3)  and  solving 
for  j> w<’  find 


,"/  //  (o)  =  (/-J— )  n.AHfuW 


(G  1 ) 


Danjon  used  a  separate  series  ol  comparisons  between  the  intensities  of 
the  moon  and  tlx*  sun  to  determine  j\j.  as  shown  in  Figure  15.  (sing  this 
result,  together  with  his  observations  of  he  could  determine  pi-;fi;  (or. 

equivalently.  //.;//>•)  from  Kquation  (ti-2).  as  shown  in  Figure  1G. 


Finally,  the  albedo  is  given  as 


1  -  I  />/■;//•;( o)sin(o)c/o  . 


(6-5) 


which  is  evaluated  numerically  after  extrapolation  to  unmeasured  phase’  an¬ 
gle's.  Separate’  value's  lor  />/  atiel  </  earn  be'  e>l>taineel  by  an  e-xt ra polat ie>n  te> 


o  =  0. 


Danjem  s  result  s  show  ;i  nmiibcr  e»l  iut e*re’st  ing  fe'a t  lire's.  I  he  elaily  means 
ol  the-  e>bservat  ions  vary  more'  wieledy  than  would  be  expeete'd  e>n  the'  basis 
of  the’  variation  of  me’iisurement s  on  a  single'  night:  this  can  be'  attributed 
t e >  elaily  change's  in  clouel  cene’r.  A  se-asemal  variation  was  alse)  e'vieh'iit  ( se'e ■ 
Figure  17).  which  is  of  the-  same-  shape*  as  that  e>f  the*  FHHF  me'asure'me-nt s 
(Figure*  I).  but  ;i  factor  ol  five  large1!  in  amplituele.  Obse-rvat ions  at  seve-ral 
wave'h'iigt  hs  also  indicateel  t  hat  t  lie-  e*art  h  s  color  e  hange’s  wit  h  se'ase>n.  (  1  he-se* 
hot  t  wo  point  s  wrr<-  ediilii  in<'<l  by  t  he  observat  ions  of  Dubeiis  [  1 
(annual  or  lonimr)  variations  we-re-  found. 


2l.)  No  se'cula r 


10 


Figure  15.  The  phase  function  Ty  (T1)  as  determined  by  Danjon  |3] 
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Figure  17.  Variation  of  the  monthly  mean  intensity  of  earthshine,  expressed  in  magnitudes 
(from  Reference  [3|) 


In  order  to  olitain  tlio  Horn!  albedo.  Datijon  s  measurement s  in  tin*  vi¬ 
sual  must  be  corrected  lor  t he  balance  of  the  shortwave  radiation  (half  of  the 
■'tin's  intensity  is  a  wavelength  greater  than  0.7  //in).  Ksti mates  of  this  cor¬ 
rect  ion  were  made  by  fritz  [Id],  who  also  took  into  account  that  t he  Western 
Hemisphere  most  frequently  observe* I  by  Danjon  has  a  greater  fraction  of 
land  t  han  t  lie  globe  as  a  whole.  As  t  he  cart  h's  albedo  decreases  wit  h  increas¬ 
ing  wavelength  (after  all,  the  earth  is  sometimes  called  the  ‘‘blue  planet"). 
I  ritz  finds  that  Danjon  s  visual  albedo  of  0.10  corresponds  to  a  Bond  albedo 
of  o.db. 

A  second  correction  to  t  he  eart  hsliine  measurements  must  lie  made  for 
the  “opposition  ('fleet"  present  in  the  lunar  reflectance  properties:  to  our 
knowledge,  this  has  not  been  considered  previously.  Observations  of  the 
moon  [I  1.  In]  (see  f  igure  IS)  show  that  the  moon's  phase  function  can  rise 
by  as  much  as  a  factor  of  2  as  |/.’|  decreases  from  b  degrees  to  0  (exact 
backseat  tering).  Ibis  enhancement  is  caused  by  the  porous  nature  of  the 
lunar  surface  [111.  and  was  unknown  at  Danjon  s  time  since  measurements 
close  to  =  I)  are  hindered  by  lunar  eclipses.  (Note  that  t  h<*  smallest  angle 
measured  in  Danjon  s  lunar  phase  curve  is  only  !1  degrees.)  l  h<'  extent  of 
the  small-angle  rise  varies  over  different  regions  of  the  lunar  surface  [1  1  lb], 
but  can  easily  be  the  20  percent  required  to  reduce  fritz  s  O.db  to  0.20.  I  his 
latter  value  is  consistent  with  the  f.KBf.  satellite  estimates  of  O.dt)  [(>]. 
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Brightness 


Figure  1 8  Brightness  observed  for  various  features  on  the  moon  as  a  function  of  phase.  The  T  symbols 
include  the  extrapolation  to  zero  phase  (from  Reference  [13]) 
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7  THE  POTENTIAL  FOR  MODERN 
MEASUREMENTS 


In  the  modern  context,  earthshine  measurements  have  a  number  of  at¬ 
tractive  aspects.  ( mound-based  measurements  that  integrate  on  a  global 
scale  are  rare'  and  the  albedo  is  a  basic  parameter  of  the  climate  system. 
Earthshine  measurements  would  complement  more  detailed  satellite  studies 
and  could  serve,  at  a  minimum,  as  a  cross  check  on  the  scene  models  used. 
I  hat  is.  given  meteorological  data,  these  models  make  dear,  noil-trivial  pre¬ 
dictions  of  t  he  time  variation  of  the  earthshine.  which  should  be  checked 
observat  ionallv. 

Modern  photometry  can  do  significantly  better  than  the  state  of  the 
art  in  the  ll)20s.  CCDs  with  1021  x  1021  resolution  and  sufficient  dynamic 
range  to  observe  both  the  sunshine  and  tin*  earthshine  simultaneously  can 
be  purchased  off  the  shelf.  This  would  supplant  Danjon’s  two-spot  scheme. 
Iogether  with  a  small  (say  S  t  reflecting  telescope,  the  total  cost  should  be 
under  Sol). 000.  1  wo  dimensional  imaging  arrays  that  could  extend  observa¬ 
tions  to  the  near  1R  are  also  available,  although  at  a  somewhat  greater  cost . 
It  might  also  be  possible  to  illuminate  t  he  moon  directly  with  a  ground -based 
laser  to  measure  the  lunar  geometric  albedo.  I  his  latter  is  essential  to  de¬ 
terring  the  absolute  value  ot  the  earth's  albedo  but  is  unimportant  i!  only 
changes  are  ol  interest . 

Beyond  a  sot  of  demonstration  measurements,  a  long  term  monitoring 
program  con  In  make  unique  cm  it  ribut  ions  to  global  change  st  udies.  I  luce  ob 
servation  sites  spaced  around  the  globe  are  sullicieut  lor  continuous  coverage 
during  t  ho  majontv  of  the  month  when  the  earthshine  i>  intense-  enough  to 
In-  observed.  I  nt  ei  a  i  mu  a  I  v<i  i  ia<  ions  o|  l  he  albedo  are  c  lea  rlv  ot  great  int  erest . 


as  are  their  correlations  to  global  mean  surface  temperature.  (As  interan- 
imal  temperature  variations  are  <  OAK.  we  might  expect  albedo  variations 
~  ().l)l)">.)  1  lie  phase  Imiet  ion  itself  may  be  more  sensitive  to  global  warming 
than  is  the  phase  integral:  this  can.  of  course,  be  studied  with  models. 

Today  almost  till  ( !(  'Ms  give  geographic  models  of  surface  albedos.  Var¬ 
ious  parameterization  schemes  are  used  to  capture  changes  in  ice  and  snow 
cover,  alteration  ol  vegetation,  etc.  One  of  the  results  of  running  a  (K'M 
is  the  albedo  determined  as  the  difference  between  incoming  solar  radiation 
and  the  calculated  outgoing  infrared  radiation.  In  this  calculation  the  ef¬ 
fects  of  assumpt  ions  about  t  he  surface  and  cloudiness  are  integrated  over  t  he 
globe.  A  measurement  of  the  integrated  albedo,  such  as  that  obtained  from 
observations  of  earthshine.  would  provide  a  valuable  check  as  to  how  well  the 
model  was  representing  the  surface  and  cloud  components  of  the  albedo.  A 
comparison  of  t  he  seasonal  variat  ion  in  observed  and  computed  albedo  would 
provide  a  not  her  check  on  (!( ’.Ms.  If  t  he  observat  ion  could  be  maintained  over 
a  long  interval,  then  the  secular  changes  in  observed  and  computed  albedo 
could  be  compared. 

Finally,  t  here  is  t  lie  interest  ing  possibility  of  an  historical  record  of  cart  h- 
shine  measurements  spanning  the  (it)  years  since  Danjon's  work.  Our  prelim¬ 
inary  investigations  have  turned  up  only  the  work  of  Dubois  extending  to 
Id.'S  [12].  However,  if  other  data  exist,  they  could  orovide  a  unique  window 
on  the  secular  change  <>f  the  earth's  climate.  [We  have  recently  learned  of 
efforts  at  the  Fuiversitv  of  Arizona  (1).  Huffman,  private  communication) 
aimed  at  duplicating  Danjon  s  instrument  and  observing  technique.] 
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